Background
Results
Obese patients were younger at the diagnosis of prostate cancer and had a shorter duration from diagnosis to docetaxel therapy. Analysis of body composition found that a high visceral fat-to-subcutaneous fat area ratio (VSR) was associated with poor prognosis but a high visceral fat-to-muscle area ratio (VMR) and high body mass index were associated with increased duration from starting docetaxel to death, allowing such men to catch up with patients with normal body mass index in overall survival from cancer diagnosis to death.
Introduction
Prostate cancer is the most commonly diagnosed cancer in men in the United States and the second most common worldwide. In men with metastatic or recurrent prostate cancer, androgen-deprivation therapy (ADT) is first-line therapy to reduce morbidity and improve survival [1] . The hypogonadal state changes body mass composition. ADT given for 12 months significantly decreases muscle and bone mass and increases fat mass, resulting in a net weight gain [2, 3] . A longitudinal study has shown that prostate cancer patients on ADT gain about 2.2 kg in weight during the first year of therapy and then remain stable at that higher weight thereafter [4] . In addition, aging and a decline in physical activity also contribute to changes in body composition.
The management of castration-resistant metastatic prostate cancer after ADT remains a major clinical challenge, because patients often have pain and progressive decline in performance status. Currently, advanced or symptomatic castration-resistant metastatic prostate cancer is often treated with docetaxel [5, 6] . The US FDA-approved docetaxel dose for castration-resistant metastatic prostate cancer is 75 mg/m 2 given intravenously over 1 hour every 21 days on Day 1 for 10 cycles [7] . Alternatively, docetaxel can be given at 50 mg/m 2 every 2 weeks [8] . Weekly docetaxel dosing is given at 35 mg/m 2 , [9] 36 mg/m 2 , [10] or 40 mg/m 2 [11] intravenously weekly for 6 weeks followed by a 2-week recovery period. Comparison of docetaxel pharmacokinetics in the weekly and triweekly regimens showed that they are similar [12] . Doses of chemotherapy are usually based on the body surface area (BSA), which considers weight and height. However, dosing based on BSA is not very useful in reducing inter-patient variability in drug clearance [13] . Various drug elimination processes, e.g., metabolic breakdown or excretion, account for inter-patient variability in pharmacokinetics to a large degree [14] . Body composition (adipose tissue and muscle mass) [15] is another factor influencing pharmacokinetics and may predict toxic reactions to certain chemotherapy regimens [16, 17] . The absolute clearance of docetaxel is not significantly changed by obesity as classified by body mass index (BMI), and empirical strategies for dose adjustments in obese patients are not warranted [15] . However, the influence of detailed body composition parameters on docetaxel pharmacokinetics has not been fully investigated. In a retrospective study of breast cancer patients, obesity was associated with a reduction in docetaxel dose intensity [18] ; however, the association of body composition with reduction in docetaxel dose intensity in prostate cancer patients has not been explored. Although the American Society of Clinical Oncology (ASCO) has recommended that chemotherapy doses for obese patients should not be reduced because of the risk of compromising treatment efficacy and the lack of evidence for increased toxicity [19] , the studies that contributed to these recommendations did not involve docetaxel.
We hypothesized that the body composition of patients with castration-resistant metastatic prostate cancer may influence clinical outcomes and toxicity of docetaxel treatment. Therefore, we performed a retrospective review of metastatic prostate cancer treated with single-agent docetaxel therapy in patients with CT scans of the abdomen available for analysis of body composition. The association of body composition parameters with differences in clinical outcomes and toxicity in castration-resistant metastatic prostate cancer patients was examined.
Materials and Methods

Study Population
This retrospective study was approved by the Institutional Review Board of The University of Texas MD Anderson Cancer Center Institutional Review Board in accordance with an assurance filed with, and approved by the Department of Health and Human Services. No informed consent was required for this retrospective review, and all patient records/ information were anonymized and de-identified prior to analysis. Using the Tumor Registry, diagnostic imaging records, and the pharmacy dispensing records of MD Anderson Cancer Center, we identified 378 consecutive prostate cancer patients who were treated with docetaxel and who had a CT scan of the abdomen and pelvis within 30 days of initiation of docetaxel between October 7, 2004 (the date of publication by Tannock et al. [5] ) and December 31, 2012. The following exclusion criteria were applied to these patients: i) concurrent treatment with other cytotoxic chemotherapeutic agents (e.g., estramustine) or targeted therapy (e.g., imatinib, or sunitinib), ii) lack of confirmation of metastatic disease, iii) incomplete medical records, iv) histological types of prostate cancer other than adenocarcinoma (e.g., small cell cancer), and v) incompatible digital image formats of CT scans. The final study cohort consisted of 333 patients.
Clinical Data Collection
Trained research personnel reviewed records to collect information on demographics and known or suspected risk factors for prostate cancer prognosis (i.e., age, Gleason grade, black race). Because black race is an adverse prognostic factor for prostate cancer [20] , the race of this patient cohort was categorized as black vs. non-black. The pathologic diagnosis and Gleason grade (the sum of the scores) of the primary tumor were recorded. Because all patients in this cohort had metastatic disease at the time of initiation of docetaxel chemotherapy, the TNM stage of the prostate cancer is not relevant to this study. Clinical data for each patient were reviewed to assess the age-non-adjusted Charlson Comorbidity Index (CCI) [21] .
Chemotherapy
All patients received single-agent cytotoxic chemotherapy with docetaxel. The chemotherapy was administered intravenously every 3 weeks, as approved by the FDA, or weekly with some variations in the scheduling of the break week(s). Docetaxel doses were calculated based on BSA [22] and might be modified or reduced at the discretion of the treating oncologist. The initial BSA-based dosages were compared with reference doses of 35 mg/m 2 for weekly regimens [9] and 75 mg/m 2 for the non-weekly regimens [7] . In cases of excessive toxicity, treatment adaptations consisted of dose reductions or chemotherapy disruption or discontinuation.
Toxicity evaluation
The tolerance to chemotherapy was evaluated before each cycle by clinical examination and a complete blood count. We ascertained (by review of clinical records and laboratory results) the presence of significant neutropenia (defined as absolute neutrophil count <1000/mm complaints of diarrhea, nausea and vomiting, peripheral neuropathy, mucositis, allergic reaction/anaphylaxis, and hand and foot syndrome. A side effect or adverse reaction was considered present if it was explicitly mentioned or discussed in the medical records; otherwise, it was considered absent or not important. Because of the risk of bias in the evaluation of non-hematological toxicities assessed retrospectively, the analysis of these toxicities was considered exploratory.
Dose intensity evaluation
All events related to docetaxel administration were reviewed, i.e., dose reductions, delayed chemotherapy, changes in dosing regimen, or discontinuation of chemotherapy. When there was a reduction in dosage intensity, the new relative dose was calculated by the new dose intensity (mg/m 2 /week) divided by the original dose intensity (mg/m 2 /week) of docetaxel.
Follow-up
The primary clinical outcome was overall survival calculated from the start of docetaxel therapy. men with BMI<25 kg/m 2 as previously described [24] . The volume of skeletal muscle (SKM) and total adipose tissue (TAT) (in liters) was estimated using the following formulae: SKM = 0.068 × total adipose tissue cross-sectional area in cm 2 at L3-4 level + 2.142; and TAT = 0.166 × skeletal muscle cross-sectional area in cm 2 at L3-4 level + 4.142, respectively [25] . The volumes of subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) were estimated based on the VSR. The doses of docetaxel per liter of estimated SKM, TAT, SAT, and VAT were calculated.
Statistical Analysis
Baseline patient characteristics, clinical risk factors, and prostate cancer prognosis were compared between groups by using the chi-square test, Fisher's exact test, Student's t-test, or Mann-Whitney rank sum test where appropriate. For comparisons among multiple groups, parametric or nonparametric one-way analysis of variance (ANOVA) was used with post-hoc intergroup comparisons by Tukey test where appropriate. For correlations between parameters, Pearson correlation tests were performed, reporting the correlation coefficients (r). Univariate analysis of overall survival was performed using the Kaplan-Meier method with the logrank test. Multivariate regression analyses of survival data were based on Cox proportional hazards modeling. All statistical analyses were performed using SPSS version 21.0 (IBM Corporation, Armonk, New York), Sigmaplot (Systat Software, Inc., San Jose, CA), or the R statistical package (R version 2.13.0, The R Foundation for Statistical Computing, Vienna, Austria).
Results
Patient Demographics and Clinical Characteristics
The cohort consisted of 333 patients with metastatic prostate cancer treated with single-agent docetaxel. Ninety eight (29%) patients received low-dose weekly regimens, and 235 (71%) patients received non-weekly regimens. The majority (78%) of patients were either obese (n = 118) or overweight (n = 141), and 74 (22%) had normal BMI. There were no patients in the undernourished category. On the basis of the criteria of Martin et al. [24] , only three patients were sarcopenic. Age is given in years. Continuous and ordinal variables are presented as 1st quartile limit/median/3rd quartile limit. The count data are presented as proportions of the total in the group, with actual counts in parentheses. Proportions of count data were compared using Chi square test or Fisher's exact test where appropriate. Continuous and ordinal data were analyzed using two-way analysis of variance (ANOVA).
doi:10.1371/journal.pone.0122047.t001 Table 1 summarizes baseline characteristics for all patients and by BMI category and type of chemotherapy regimen (weekly versus non-weekly). There were no statistically significant differences except for serum alkaline phosphatase, which was lower in patients treated with weekly regimens than other regimens (P = 0.009).
At cancer diagnosis, obese patients on weekly regimens were significantly younger than patients with normal BMI on weekly regimens (P = 0.01) and obese patients on non-weekly regimens were significantly younger than patients with normal BMI (on weekly regimens: P = 0.001; on other regimens: P = 0.015) (Fig. 1A) . At docetaxel initiation, obese patients on weekly regimens were significantly younger than patients with normal BMI (on weekly regimens: P < 0.001) and with normal BMI (P = 0.003) and overweight patients on non-weekly regimens (P = 0.002) (Fig. 1B) . Time from diagnosis of prostate cancer to initiation of docetaxel treatment was significantly shorter in obese patients on weekly regimens than obese (P = 0.002), overweight patients (P = 0.003) on non-weekly regimens, and normal BMI patients on weekly regimens (P = 0.042) (Fig. 1C) . The duration of follow-up after starting docetaxel was significantly longer in obese and overweight patients on weekly regimens than all the other groups (P < 0.05 for all the intergroup comparisons with the other groups; Fig. 1D ). This increased duration of follow-up might be due to improved survival, and the possible association of weekly regimens with longer survival was further examined. Given that docetaxel is lipophilic, the body composition relating to fat mass was expected to influence the volume of distribution and docetaxel plasma concentrations. Therefore, we also investigated the associations of body composition parameters with clinical outcomes.
Body Composition Parameters
The correlation was positive between BMI and adipose tissue (iTAT, iVAT, and iSAT) and skeletal muscle (iSKM), weak for VMR, and practically non-existent between BMI and VSR ( Fig. 2A) . The correlation matrix summarizes the correlation coefficients among these indices (Fig. 2B) . Therefore, VMR and VSR add information about the body composition that cannot or can only poorly be predicted by BMI.
Docetaxel Dosing and Body Composition parameters
The docetaxel doses were generally based on the recommended dosage per m 2 of BSA. The frequency distributions of actual dose, the mg/m 2 of BSA and mg/L of muscle were bimodal (Fig. 2C) , since the majority of the patients received the FDA-approved dose of 75 mg/m 2 given every 3 weeks, and a second group of patients received the weekly regimens with a peak near 35 mg/m 2 . However, 115 patients (34.5%) started docetaxel with empirical dosages that were <90% of the reference dosages of 35 mg/m 2 and 75 mg/m 2 for the weekly regimens and non-weekly regimens, respectively (i.e., empirical dosage reduction by >10%). The frequency distribution of docetaxel dose per calculated whole-body volumes (liter) of skeletal muscle (SKM) and total adipose tissue (TAT) is shown in Fig. 2C . The correlation matrix summarizes the correlation coefficients among these dosage calculations (Fig. 2D) . Negative correlations of mg/L of TAT, SAT, or VAT with BSA were observed. Body composition parameters of the patients in different docetaxel regimen categories are summarized in S1 Table. There were no significant differences between the weekly regimen group and the non-weekly regimen group. Comparing mg/m 2 of docetaxel dose per BSA received by the patients against the standard dose for the respective regimens (i.e., 35 mg/m 2 for the weekly regimen and 75 mg/m 2 for non-weekly regimens), the mean relative reduction in dosage was significantly (P < 0.001) higher in the weekly regimen group (0.121) than the nonweekly regimen group (0.054). The probability density functions, estimated by kernel density Fig. 2F , It is obvious that the patients who received the weekly regimens had a significantly higher proportion (χ 2 test, P < 0.001) of patients with >10% dose reduction (55/98) than those receiving non-weekly regimens (61/235).
Body Composition Parameters and Survival
In univariate Kaplan-Meier analysis, differences in overall survival from diagnosis to death were evaluated for BMI categories; no statistically significant differences were observed. Fig. 3A) .
Using the median cut-off value for other body composition parameters, significant differences in survival were also observed for iSKM, iTAT, iVAT, and iSAT but not for VMR (S2 Table) as expected, as BMI correlated with iSKM, iTAT, iVAT, and iSAT but very poorly with VMR. Patients with high (above median) VSR had a near-significant (P = 0.066) difference of shorter survival time as compared with the low VSR group. When stratified by BMI categories, high VSR was associated with shorter survival (median: 9.9 months; 95% CI: 6.2-13.7) as compared to the low VSR group (median: 21.3 months; 95% CI: 18.1-24.5) in normal BMI patients (P = 0.009) but not in overweight (P = 0.606) or obese (P = 0.405) patients (Fig. 3B) . No significant differences were found between high and low VMR stratified by BMI categories.
Dosage and Regimens of Docetaxel and Survival
Patients who were treated with weekly regimens had longer survival (median: 26.6 months; 95% CI: 17.9-35.3) than the non-weekly regimen group (median: 17.8 months; 95% CI: 14.8-20.9; P = 0.002; Fig. 4A,) . Stratification by BMI categories revealed that this association was present in overweight (P = 0.051) and obese patients (P = 0.011), but not in normal BMI patients (P = 0.842; Fig. 4A ).
Patients (n = 115; 34.5%) who received docetaxel with empirical dosage reduction by >10% of the recommended dose, had significantly shorter survival (median: 18.2 months; 95% CI: 14.1-22.2) than those patients without such dosage reduction (median: 22.4 months; 95% CI: 17.9-26.8; P = 0.001; Fig. 4B ). Again, stratification by BMI categories revealed that this presented as labeled at the diagonal of the matrix. D) A correlation matrix of the dosages is shown in a manner similar to that for B. E) The probability density function, estimated by kernel density estimation, of the proportion of the initial docetaxel dose relative to the reference dose for the weekly regimens (red solid line) and for the other regimens (green dashed line). The blue vertical dotted line represents a 10% reduction of the initial docetaxel dosage relative to the respective reference dosage for the groups as labeled. F) A parallel coordinates plot is drawn to demonstrate the relationships among covariates such as the type of docetaxel regimen, the dose of docetaxel in milligrams, and docetaxel dosages calculated based on body composition parameters. The patients with empirical reduction of the initial docetaxel dosage based on mg/m 2 BSA by 10% are represented by green lines, and those otherwise are represented by brown lines.
doi:10.1371/journal.pone.0122047.g002 association was present in overweight (P = 0.033) and obese patients (P = 0.001), but not in the normal BMI patients (P = 0.915; Fig. 4B ).
Multivariate Analysis of Factors Associated with Survival of Patients with Metastatic Prostate Cancer Receiving Docetaxel
A Cox proportional hazard regression model was constructed using known factors that predict prostate cancer survival, i.e., age, race, Gleason score, and survival for more than 5 years since the diagnosis of prostate cancer. Other factors included were: abnormal serum alkaline phosphatase, as an indicator of significant disease burden of bone metastasis; age-unadjusted CCI, to control for comorbidity; the type of regimen (weekly vs. non-weekly); whether the initial dose was reduced by >10% of a reference dosage, and any subsequent reduction of dosage intensity. The BMI, VMR, and VSR were the body composition parameters included in the model. We found old age (65 years), abnormal serum alkaline phosphatase, >10% reduction of initial dosage, and high VSR to be significant predictors of shorter survival time, while high VMR, obesity, and use of weekly regimens to be significant predictors of longer survival after docetaxel initiation (Table 2) .
Factors Associated with >10% Emperical Reduction of Initial Docetaxel Dosage and with Subsequent Reduction of Dosage Intensity
Using a logistic regression model, factors associated with >10% reduction of the initial docetaxel dose were presence of high comorbidity (age-unadjusted CCI 6; P = 0.01), use of weekly regimens (P < 0.001) and being overweight as compared to normal BMI (P = 0.02). (S3 Table) . Age >65 years was a near significant (P = 0.061) predictor.
Potential factors for subsequent reduction of docetaxel dosage intensity were investigated by an expanded logistic regression model that also included the status of empirical reduction of dosage by >10% and the adverse reactions/toxicities of docetaxel. We found diarrhea to be a significant predictor (P = 0.014) (S3 Table) , while mucositis and hand-foot syndrome were near-significant predictors (P = 0.077 and P = 0.075, respectively). Being obese was a significant negative predictor (P = 0.016, compared with normal BMI). Being overweight was a near-significant negative predictor (P = 0.098, compared with normal BMI).
Discussion
Obesity is a worsening worldwide problem costing 2 trillion US dollars annually [26] . While evidence is accumulating about the association of obesity with prostate cancer aggressiveness and poor clinical outcomes [27] , little is known about any influence of body composition on clinical benefits of specific therapies for prostate cancer. Our retrospective study examined the association between BMI and body composition characteristics in terms of muscle mass, adipose tissue and visceral obesity, with clinical outcomes (toxicity and survival) in a cohort of patients with metastatic prostate cancer who received docetaxel treatment. We found that the overweight and obese patients were diagnosed at a younger age and developed metastatic disease that was treated with docetaxel earlier than normal BMI patients, but they died at about the same time after diagnosis as the normal BMI patients. In overweight and obese patients, treatment with weekly regimens was associated with longer survival from initiation of treatment to death than non-weekly regimens.
The improved survival benefit of docetaxel, especially the weekly regimens, in overweight and obese patients may partly be explained by docetaxel pharmacokinetics, which are similarin the weekly and triweekly regimens [12] . While this manuscript was under review, Cushen et al. reported in a poster at the 2014 European Society of Medical Oncology Meeting that high BMI was associated with longer survival in patients with castration resistant prostate cancer taking docetaxel [28] , and corroborated our finding. Weekly regimens may possess antiangiogenic properties relative to triweekly regimens because the plasma concentration of docetaxel throughout the weekly treatment is maintained above 1 nM [12] , which is approximately the concentration that inhibits angiogenesis by 50% [29, 30] . Docetaxel is highly lipophilic, and drugs with high affinity for adipose tissue have increased volumes of distribution (Vd) in obese patients [31] . While the clearance of docetaxel might not be changed in obesity, the steady state Vd and the elimination half-life (t½) of the terminal phase are increased in the obese compared with non-obese patients [15, 32] , low peak plasma concentrations and prolonged presence of low levels may be the mechanistic basis for a better metronomic therapeutic effect of weekly docetaxel in obese than non-obese patients.
In 2010, a survey revealed a 46% prevalence of empirical dose adjustment of chemotherapy in obese patients [33] ; empirical dose reduction was most likely to occur in patients with increased age, severe obesity, and poor performance status. Although ASCO subsequently published guidelines recommending dosing of chemotherapy based on body surface area using actual weight in obese adults [19] , how the practice of empirical dose adjustment has changed is unclear. We found that at our institution about one third (34.5%) of patients had significant empirical dose reductions of 10% or higher at docetaxel initiation. In our study cohort, high comorbidity, overweight or obese status, and weekly docetaxel regimens were the factors associated with empirical reduction by >10%, while old age was a near significant factor. Additional potential reasons for empirical reduction included the practice of BSA capping, and different dosage regimens in published papers that differ by >10%. While we observed no difference in survival after initiation of docetaxel in normal BMI patients with or without >10% empirical reduction of initial docetaxel dosage, the possible difference in efficacy between the reference dosage and reduced dosages will need to be further investigated in overweight and obese men with metastatic prostate cancer. We found negative correlations of dosage mg/L of TAT, SAT, or VAT with mg/m 2 BSA suggested that our clinicians tended to prescribe a lower dosage on a mg/m 2 BSA basis for obese patients ( Fig. 2C and 2D) or to cap the BSA when calculating the initial dose of docetaxel as practiced by some clinicians [34] . These reductions in obese and overweight subjects but not in normal BMI was associated with shortened survival. One plausible explanation is that obesity, by increasing the half-life of the terminal phase, increases the trough level of docetaxel to approach a metronomic therapeutic effect, which may be compromised by >10% dosage reduction. Subsequent reduction of docetaxel dosage intensity may be viewed as an indicator of unacceptable toxicity or adverse reaction. Our logistic regression showed that it was associated with diarrhea and probably also mucositis and hand-foot syndrome. Being obese was associated with fewer occurrences of subsequent reduction of dosage intensity than normal BMI. Possible explanations were that obese patients could tolerate docetaxel better than normal BMI patients or that obese patients were treated with initial docetaxel doses that were reduced empirically mg/m 2 and therefore had fewer side effects and toxicity that prompted subsequent dosage reduction. Therefore, these results for docetaxel in male patients are consistent with the findings by Lyman and Sparreboom that chemotherapy doses based on BSA calculated from actual body weights did not cause more toxicity in obese patients than in normal BMI patients, and empirical reduction of dosage for obese patients to reduce toxicity was not warranted [35] . Gurney and Shaw eloquently discussed the dilemma of dose calculation for obese patients [36] . Obesity and body fat distribution are only two factors out of many that lead to interpatient variability in pharmacokinetics [34] . The important issue is whether these differences related to body composition actually translate into differences in treatment efficacy and clinical outcome. Our multivariate Cox regression model found that >10% reduction of the initial docetaxel dosage was associated with shortened time from the initiation of docetaxel to death. This suggests that empirical docetaxel dosage reduction for obese men with metastatic prostate cancer might cause harm. The toxicity-adjusted dosing approach may be prudent.
There is increasing evidence of visceral obesity and poor outcomes after cancer diagnosis [37] [38] [39] [40] . Although BMI correlated with iSKM, iTAT, iVAT, and iSAT, it predicts the distribution of body mass between the adipose and muscle compartments poorly and does not predict the visceral and subcutaneous fat distribution at all. Therefore, VMR and VSR are two body composition parameters that will provide additional information not conveyed by BMI. Given the same BMI, a patient with a muscular build may have different pharmacokinetic characteristics from one with central obesity from hypogonadism or hypercortisolism. However, data is lacking to relate body composition parameters such as VSR and VMR to pharmacokinetic parameters. Our stratified Kaplan-Meier analysis showed that VSR above median was associated with decreased survival from initiation of docetaxel treatment in normal BMI patients (Fig. 2B) . Whether this is due to subtle changes in docetaxel pharmacokinetics caused by a different distribution of visceral and subcutaneous fat or changes in inflammation and hyperinsulinemia (parts of the metabolic syndrome) associated with high VSR remains to be further investigated.
In summary, our retrospective analysis of body composition of men with metastatic prostate cancer treated with docetaxel found the presence of obesity and the administration of weekly docetaxel regimens to be associated with longer survival, whereas dose reductions in docetaxel at therapy initiation and the presence of visceral obesity were associated with poorer survival. Obese patients may benefit more from weekly docetaxel regimens using the reference dosage of 35 mg/m 2 than non-obese patients. While it is not practical to change the composition of the body before docetaxel treatment, one interesting hypothesis for future research is whether changing the dosage and dosing schedule to keep the trough level of docetaxel above 1 nM [12] can improve the efficacy in non-obese patients compared with the weekly docetaxel regimen. Future research should obtain data to relate body composition parameters to pharmacokinetics in order to provide evidence-based guidance to custom-fit docetaxel dosage regimens for patients with different body sizes and composition.
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